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ABSTRACT
An experimental investigation was performed to analyze the beginning boundary
layer produced on the floor of a subsonic wind tunnel and its influence on the flow field
about a two-dimensional automotive model. Hot film anemometer measurements were
taken in the test section of the wind tunnel operating under various inlet configurations.
The use of a splitter plate and modifications to the contour of the inlet to the wind tunnel
were then studied to find their affects on the height of the boundary layer in the wind
tunnel test section. Finally, a 2-D automotive model was constructed with pressure taps
along the centerline of the model. This model was tested in the wind tunnel on the floor
of the test section and on top of the splitter plate to resolve any differences created in the
data from the different boundary layers created in the test section.
The hot film anemometer measurements provided a baseline boundary layer
thickness produced in the test section of the wind tunnel. The modifications to the inlet
contour of the wind tunnel resulted in a reduction in boundary layer height experienced in
the wind tunnel test section. This decrease in boundary layer thickness can attributed to
the elimination of the flow disturbance created by the step where the flow straightener
and screens mount to the inlet of the wind tunnel. The model data from the test section
and splitter plate showed an increase in velocity across the top of the model when placed
on the splitter plate that can be partially attributed to the reduced height of the boundary
layer created by the splitter plate.
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CHAPTER 1 - INTRODUCTION

Wind tunnels offer a rapid, economic, and accurate means for aerodynamic
research. However, no single wind tunnel is adequate for all possible aerodynamic tests.
In general, there are four types of wind tunnels: subsonic, transonic, supersonic, and
hypersonic. Within each category of wind tunnels, there are numerous possibilities for
design and application.

In each situation, there are several factors that must be

considered to reach a decision on what type and design of wind tunnel to use for a given
experiment.
One factor that must be considered when placing a scale model on the test section
floor of a wind tunnel is the boundary layer created in the inlet of the wind tunnel [1].
This boundary layer can affect the results of the experiment since the velocity distribution
in the test section will not be uniform near the surfaces. The height of this boundary
layer with relation to the model height will vary depending on the application and wind
tunnel speeds. There are several methods available to reduce the height of this boundary
layer.

However, not all methods are always available to each wind tunnel and

application. Methods such as acceleration of the boundary layer by blowing and
boundary layer removal by suction along the surface in question have been proven to help
control the height of the boundary layer [2]. Wind tunnels dedicated to automotive scale
model testing will usually contain a slot across the section floor near the entrance of the
test section to remove the boundary layer, or at least 50% of the boundary layer’s height
[1]. However, neither suction nor blowing were available for this study.
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Another method for boundary layer control is the use of a splitter plate. A splitter
plate is, in theory, an infinitely thin and stiff plate that raises a model off of the test
section floor and its associated boundary layer. Splitters are useful in preventing an
incipient separation, reducing flow asymmetry, and smoothing out the velocity profile
[1]. This will allow a model to be tested as though it was sitting on the test section floor,
without as much of the interference from the boundary layer as discussed before. There
will still exist a boundary layer that is created on the splitter plate, however, the boundary
layer height on this plate should be smaller than the one created on the floor of the wind
tunnel inlet.
Objectives
The following is a list of the major objectives that were addressed during this
research:
•

Calibrate the wind tunnel for use during the study.

•

Measure the boundary layer created in the wind tunnel test section
on the floor and a top a splitter plate for different wind tunnel
configurations.

•

Measure the pressure distribution over the surface of and wake
data behind a 2-D automotive model on the test section floor and a
top a splitter plate

•

Compare the influence of the various measured boundary layers on
the automotive model.
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CHAPTER 2 - LITERATURE REVIEW

Countless studies have been conducted in the research of boundary layers and
their affect on wind tunnel testing. Rae, et. al. [1] discuss the significance of considering
the boundary layer formed in the test section when designing a wind tunnel. Most studies
begin with the theoretical discussion of the formation of a laminar boundary layer on a
flat plate.

Schlitching [2] and White [3] both present the solution proposed by H.

Blassius in his doctor’s thesis at Goettingen in 1908. This solution is still being used
current day to estimate the laminar boundary layer formed on a flat plate. Blassius
started with the continuity and momentum equations (2.1a and 2.1b) for steady flow
along a flat plate where x = 0 at the leading edge and the free stream velocity is U∞,
flowing parallel to the plate.

u

∂u ∂v
+
=0
∂x ∂y

2.1a

∂u
∂v
∂ 2u
+v
=v 2
∂x
∂y
∂y

2.1b

These equations are subject to the no-slip conditions at the wall and the free streammerge condition outside of the boundary layer.

u ( x,0) = v( x,0) = 0
u ( x, ∞ ) = U ∞
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2.2
2.3

Blassius then stated that if the system under consideration had no preferred length, it
would be reasonable to suppose that the velocity profiles at varying distances from the
leading edge would be similar to each other. This led to the dimensionless coordinate η.

η=y

U∞
vx

2.4

Blassius also noted that the stream function of the flow, ψ, should increase as the
boundary layer increases and has the following nondimensional form:

ψ = 2vUx f (n)

2.5

From the definition of stream function,
u=

v=−

∂ψ
= Uf ′(η )
∂y

∂ψ
=
∂x

vU
(ηf ′ − f )
2x

2.6

2.7

Substitution of equations 2.6 and 2.7 into the boundary-layer momentum relation, 2.1
yields, after considerable manipulation, the following differential equation:
f ′′′ + ff ′′ = 0

2.8

Subject to boundary conditions:
f ′(0) = f (0) = 0

f ′(∞) = 1

2.9

The Blassius solution has never yielded to exact analytical solution. However, the
numerical solution to the Blassius equation yields an approximation, equation 2.10, to the
height of a laminar boundary layer on a flat plate.

δ≈

5.0 x

4

Re

2.10

A plot of the numerical results to Blassius’ solution can be seen in Figure 1,
demonstrating the profile of a laminar boundary layer.
The problem of flow over a flat plate at high Reynolds numbers has been
extensively studied and numerous formulas have been proposed for the turbulent
boundary layer height. Many of these studies use an integral approach to simplify the
governing equations. All of the approaches that are in good agreement with turbulent flat
plate data lead to differential equations. As with the Blassius solution, numerical results
have led to approximation for the height of a turbulent boundary layer. Prandtl’s power
law result from 1927 [2] was chosen for this study and can be seen in equation 2.11.

δ≈

0.3747 x
5

Re

2.11

A plot of numerical results to Prandtl’s work on the turbulent boundary layer can be seen
in Figure 2, demonstrating the profile of a turbulent boundary layer.
There are several methods available to acquire measurements in the test section of
a wind tunnel. Rae, et. al. [1] discuss several different options including the pitot tube,
boundary layer mouse, total head rake, hot film anemometer, and laser velocimeter. Each
device possesses advantages and disadvantages when compared to the next. This thesis
will focus on those devices which were available for use in this study.
Townsend [4] compares work done by Grant [5] and Elder [6] in his work on the
boundary layer. Grant [5] used a theoretical approach to discuss the interference of the
eddy structure from correlation measurements in the boundary layer. Townsend [4]
compares this to Elder’s [6] work, which focused on the boundary layer near the free
edge of a splitter plate. Elder [6] used a hot film to measure the boundary layer profile
5
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Figure 1

Profile of laminar boundary layer as found by Blassius.
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Turbulent boundary layer profile as found by Prandtl’s solution.
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1

and the height at which the difference of the mean velocity from the free stream velocity
equaled the friction velocity. Townsend [4] was able to draw strong correlations between
the pieces of work, showing good agreement between the boundary layers discussed in
each.
Schenkel [7] used pressure taps located along the centerline of an automotive
model to analyze the pressure distribution across the top and bottom of a scale
automotive model. This work was done to study drag and lift reductions on automobiles
with front and rear spoilers. In this work, Schenkel [7] used a splitter plate to reduce the
boundary layer affects on the automotive model being tested. Nouzwaw, et. al. [8] used a
combination of pressure transducers, pressure taps and a hot film anemometer to analyze
the unsteady wake of the aerodynamic model of a notchback automobile. He then made
comparison of this data to the numerical results he had obtained from a coarse mesh
model analyzed in a computational fluid dynamics code.

8

CHAPTER 3 - WIND TUNNEL

Specifications

The wind tunnel used for this research is the Aerolab EWT (Educational Wind
Tunnel) designed in the late 1940’s by Aerolab founder, Professor A. Wiley Sherwood.
The EWT is an open circuit wind tunnel that has an 11 7/8” x 11 5/8” x 24” test section
with a 9.5:1 contraction ratio. The inlet to the tunnel contains an aluminum honeycomb
flow straightener along with two stainless steel screens. The test section comes equipped
with a sting for lift, drag and pitching moment measurements and the data single channel
pressure transducer can read up to 24 different pressure taps through the use of a
mechanical 24 port valve. Figure 3 below shows the basic dimensions of the Aerolab
EWT.

Figure 3

Basic dimensions of the Aerolab Educational Wind Tunnel [9]
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Calibration

Before any tests were done, the wind tunnel pressure transducer needed to be
calibrated to obtain an accurate relationship between the indicated pressure and the actual
pressure. A small inclined manometer, with a resolution of 0.05 inches of water, was
hooked up to the data acquisition board and data was taken at several different reading
between 0 – 2 inches of H2O. Data was recorded at 1,000Hz for 16 seconds and the
average was found for each different reading. The initial and final zeroes were taken into
consideration and a calibration curve was plotted and can been seen in Figure 4 along
with error bars of +/- 0.05 inches of water from the resolution of the manometer. The
linear trend line produced a calibration of 10.17 inches of H2O/mv.
Optimization

After calibrating the wind tunnel, the proper number of data points required for
each test needed to be investigated. The wind tunnel was turned on and the electronics
were given 10-15 minutes to warm up. A sampling rate of 1,000Hz for 15 seconds
(15,000 points) was chosen for this investigation in hopes of being able to resolve any
fluctuation inside of the wind tunnel test section. The first reading was taken from the
tunnel static taps with the air in the tunnel at rest to establish an initial zero. The tunnel
was then brought up to speed with a dynamic pressure of 2.5 inches of H2O
(approximately 105 ft/s) and two consecutive sets of data were recorded. Figure 5 shows
the raw data that was recorded for the first run at 2.5 inches of water. Figure 6 shows the
same data recorded for the first run of 2.5 inches of water on a much smaller scale. The
tunnel was then run at 1.5, 3.5 and 7.5 inches of H2O with one set of data at each speed.
10
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Calibration curve for the wind tunnel pressure reading in milli-volts and
the actual pressure applied

11

0

0

Wind Tunnel Reading (mv)

-0.05

-0.1

-0.15

-0.2

-0.25

-0.3
0

2000

4000

6000

8000

10000

12000

14000

16000

Sample Number

Figure 5

Raw pressure data recorded from a dynamic pressure of 2.5 inches of
water
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Close up of raw pressure data recorded at a dynamic pressure of 2.5 inches
of water
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The fan was shutdown and a final set of data was taken to establish the final zero. Each
data set was then converted from the milli-volt output to its corresponding pressure
reading using the conversion found from the calibration earlier. Each data set was also
adjusted using the initial and final zeroes. The first run just had the initial zero subtracted
off as well as the final run had the final zero subtracted off. The middle runs had a
weighted average of the two zeroes subtracted off, depending on when they were taken.
A computer code was then written to analyze the running average of each data set. Plots
were made showing the running average from the first data point, all the way to the last
data point. This was used to find when the average at each different test settled to within
0.2% of the final average. Figure 7 shows the running average for the first run of 2.5
inches of H2O, Figure 6, with +/- 0.2% error lines plotted.
After analyzing all of the runs and their running average plots, it was determined
that each set of data had fallen to within +/- 0.2% error of the final average after no more
than 8 seconds. Therefore, the rest of the tests run in the wind tunnel would be sampled at
1,000Hz for 8,000 counts.
Wind Tunnel Survey

After optimizing the sample size, a survey of the wind tunnel’s test section was
taken to analyze the pressure drop across the screens at the inlet to the wind tunnel. A
coordinate system was chosen as a reference for the wind tunnel test section. The xdirection was chosen for the width of the test section (from the control panel side to the
opposite side) with zero on the control panel side. The y-direction starts at zero on the
test section surface and extends upward to the top panel. The positive z-direction is then
14
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Running average for raw data from wind tunnel being run at 2.5 inches of
water
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taken in the direction of air flow in the test section. A pitot tube was inserted into the
side of the test section and measurements were taken starting at the inside of the wall
where the pitot static tube was inserted, moving in increments of 0.25”, across the width
of the test section (x-direction) to the opposite wall. The pitot tube was located 9 1/6
inches aft of the beginning of the test section and 5 1/2 inches from the bottom of the test
section. At each point, the wind tunnel static pressure, the pitot tube total pressure, and
the probe static pressure were taken, sampling at 1,000Hz for 8 seconds. The averages
were found for each point and then plotted against position in the test section. These data
can be seen in Figure 8. The zero point was chosen as the left side wall of the wind
tunnel when looking at the test section from behind, or in other words, the control panel
side.
After analyzing the data from the pitot tube, the pressure drop from the front of
the wind tunnel to the test section accounted for a 1% drop in the velocity at the test
section. This means that the velocity in the test section is actually only 99% of what the
wind tunnel is reading during each experiment. This drop in velocity can be attributed to
the pressure drop created by the flow sraightener and the screens at the inlet to the wind
tunnel. Since the relationship between the pressure reading from the wind tunnel and the
velocity calculated from this reading is a square root relationship, all pressure readings
from the wind tunnel were adjusted to 98%, or the square of 99%, of that reading. The
velocity profile across the width of the test section changes by around 1.5 ft/s from the
left wall to the right wall when looking from behind the test section. The highest velocity
was measured on the left wall and the lowest was on the right wall with a fairly linear

16

trend between them. The pitot tube data and the wind tunnel data from Figure 8 were then
converted into velocities and can be seen in Figure 9.
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Figure 8

Wind tunnel static, pitot tube static and pitot tube total pressures versus
horizontal position in the test section, at a dynamic pressure of 3.0 inches
of water. Measurements are taken starting on the control panel wall and
moving across the width of the wind tunnel in the y-directions.
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Figure 9

Indicated and corrected wind tunnel velocities versus their position across
the wind tunnel test section at a dynamic pressure of 3.0 inches of water.
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CHAPTER 4 - BOUNDARY LAYER ANALYSIS

Hot Film Anemometer

To acquire experimental data on the boundary layer formed inside of the wind
tunnel, a hot film anemometer was utilized. The hot film anemometer uses a film
element that is held perpendicular to the flow of air. The film is heated and maintained at
a constant temperature as the air flows over the probe. The voltage required to hold the
film at a constant temperature is then used to calculate the velocity that the probe is
experiencing. For this test, an IFA 300 Constant Temperature Anemometer was used.
This particular system is a fully integrated, thermally-based anemometer system that
measures mean and fluctuating velocity components in air, water, and other fluids. It
also measures turbulence and makes localized temperature measurements. The hot film
anemometer used in this study measures only the magnitude of the velocity it is
experiencing, however, and not the direction. This fact must be kept in consideration
during the analysis of data recorded. To use the hot film in the wind tunnel, the probe
holder was mounted to the top of the wind tunnel test section so that the height of the
probe could be moved from the floor of the test section to several inches above the floor.

Calibration
Before the hot film anemometer was used, it had to be calibrated, which was done
using the wind tunnel for the air flow. Since the behavior of the hot film is very nonlinear, care had to be taken in picking the number of calibrations points and their spacing.
20

The anemometer needed to be calibrated between a dynamic pressure of 0 and 3.5 inches
of water with at least 20 data points. However, since the anemometer measures voltage
and each reading corresponds to a velocity, the points needed to be divided equally from
the minimum to maximum velocity and not the minimum and maximum pressure.
Bernoulli’s equation relating pressure and velocity is a square root relationship.
Therefore, the square root was taken of the maximum pressure at which the tunnel was to
be calibrated to (3.5 inches of water). Twenty data points were then equally divided from
0 to the value found above, so that the probe would be calibrated at even increments of
velocity. These values were then all squared to convert them back to pressure values.
Once these values were found, the wind tunnel was run at each pressure and the data
acquisition board was used to calculate the actual tunnel speed by averaging the data at
1,000Hz for 8,000 counts, the same sampling rate and counts used for the previous
measurements. Once this was completed, the hot film was calibrated and ready for use.
The data acquired by the hot film anemometer during its calibration can be seen in Figure
10.

Testing
The wind tunnel was then brought up to speed and the anemometer was used to
the measure the wind tunnel velocity at various heights measured from the test section
floor. These heights range from .01” to several inches from the floor to establish the
actual tunnel velocity. The hot film anemometer was located approximately 5” aft of the
beginning of the test section. Measurements were taken in approximately 0.01”
21

1.5

1.4

Voltage (mv)

1.3

1.2

1.1

1

0.9

0.8
0

20

40

60

80

100

120

Velocity (ft/s)

Figure 10

Data collected by the hot film anemometer during calibration.
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140

increments from the floor until the 1.5” mark. The resolution of the calipers used in these
measurements was 0.0005,” however, the accuracy of the first measurement of the height
of the hot film from the test section surface was accurate only within 0.01.”

Splitter Plate

After a baseline boundary layer profile was found, a splitter was used to reduce
the height of the boundary layer at the beginning of the model. A piece of 3/8” medium
density fiberboard was cut to the width of the model. The length was cut to 22” so that
the splitter would extend 9” in front of the model and 4” behind the model. The splitter
was then set up on a few strips of the wood to raise it 1 1/8” off of the floor of the test
section. Figure 11 shows the splitter plate mounted in the wind tunnel. The front edge of
the splitter plate was sanded to a smooth profile to avoid any incidental flow separation.
The sides of the splitter plate were lined with foam weather stripping so that the sides
would create a seal with the sides of the wind tunnel test section. This would keep all of
the air flowing either over the top or under the bottom of the splitter plate.
Once the splitter plate was mounted in the test section, the hot film anemometer
was used to measure the boundary layer created along the top of the splitter plate. The
hot film was mounted in the same position in the test section that it was for the boundary
layer test along the test section floor. The position was 5” aft of the beginning of the test
section and 6.2” aft of the leading edge of the splitter.
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Figure 11

The splitter plate mounted in the test section of wind tunnel by two wood
screws. Measurements were taken forward of the screws, so that they did
not interfere. The air flow of the tunnel is from left to right in the figure.
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Screen Removal
After a baseline boundary layer profile was found in the test section, the tunnel
was modified to try and eliminate any obstacles that might trip the boundary layer in the
inlet of the wind tunnel. This work was done with the splitter plate removed from the test
section. The flow straightener and the screens in the inlet of the wind tunnel were
removed to try and eliminate any flow distuptions caused by the edge of the screens or
straightener. The hot film anemometer was used at this point to measure the boundary
layer on the floor of the test section. The hot film probe was located in the same position
for these measurements as in the earlier measurements. However, while this removed the
disturbances caused by the screens and flow straightener, it left a forward facing step at
the wind tunnel entrance that can be seen in Figure 12.
A piece of flash aluminum was then shaped to fit along the bottom of the inlet,
smoothing out any transitions from where the screens and flow straightener are fastened
to the wind tunnel. Figure 13 shows the inlet with the screens removed and the inlet
contour modified. This was only done on the bottom surface of the wind tunnel since the
boundary layer being studied was the one formed along the bottom of the test section.
Figure 13, does not show the exact inlet in the configuration that it was run. It differs as
tape holding the fairing in place was much smoother during testing than seen in the
figure. The fairing was removed however, before a picture was taken and was reinstalled
for the picture seen in Figure 13. The hot film anemometer was used again to measure
the resultant boundary layer at this point. The height measures found with the calipers
were subject to the same resolution an error as stated before.
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Figure 12

Inlet section of the wind tunnel with the flow straightener and screens
removed.
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Figure 13

Inlet to the wind tunnel with screens removed fairing installed.
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CHAPTER 5 – WIND TUNNEL MODEL

Construction

The two-dimensional automotive model used for this work used a profile based on
the Porsche 996, commonly known as the Porsche 911. This car was in production for the
model years 1999 to 2004. The model studied in this research is a 2003 model, which
has a few minute body changes from the earlier 996 models. Since the basis of this
research is a two-dimensional study, only the centerline (plane of symmetry) of the
Porsche was considered. Several photographs of the side view of the 996 were analyzed
without the rear wing. This allowed the contour of the rear deck lid to be properly
captured. Figure 14 shows one of these side shots. A list of coordinates were taken
along the profile from each picture and then plotted in excel until the final set of
coordinates was decided upon. For the simplification of manufacturing the model and
since only the flow over the top of the car was to be analyzed, certain aspects of the
contour were altered. The wheels and wheel wells of the car were deleted and the
underside of the car was assumed to be flat since the model would be sitting on the floor
of the test section of the wind tunnel. The front and rear of the car were assumed to run
perpendicular from the farthest forward and rear points of the car to the bottom of the car
to aid in the manufacturing of the model since neither of these two points were points of
interest. Figure 15 shows the final contour used to create the CAD drawing for the
milling process plotted in excel.
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Figure 14

Figure 15

Side profile of Porsche 996 racecar

Simplified side profile of a 996 racecar for wind tunnel model
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Once the final coordinates were found, the profile was created in CAD and then
extruded the width of the wind tunnel. The idea was to machine the model out of one
large block of either wood or aluminum.

In the interest of cost and simplicity of

construction, a hard wood was chosen to create the model. Several longer pieces of
poplar were cut to 2.5”x9”x.75” slabs that would be epoxied together to create the
“block,” from which the model would be machined. The decision was made to install the
pressure taps needed along the centerline of the model before the machining process.
One slab of wood was chosen to be the center piece of the model and grooves were cut
out for the pressure taps. The taps, created from 1/16” outside diameter copper tubing,
were then formed to fit along these grooves and glued into position. Figure 16 shows
these pressure taps being installed into the center piece of wood in the model. After the
taps were installed, the pieces of wood were glued together to form one “solid block” of
wood.
The wood stock containing the pressure taps was placed into the Haas 4-axis CNC
milling machine and the CAD drawing was programmed into the mill’s computer. The
machining process took approximately 3 hours for the rough machining and an additional
8 hours for the finish machining and produced a nearly finished model. After machining,
the model needed to be hand sanded to smooth out a few of the contour lines before the
model could be run in the wind tunnel. A few of the pressure taps were also blocked
during the machining process and needed to be drilled out before proceeding. After the
model was finished, several measurements were taken along the centerline of the model
to locate the coordinates of each pressure tap when looking at the side of the model in the
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Figure 16

Pressure taps being installed into the center of the model.

wind tunnel. Figure 17 shows a plot of the coordinates of the pressure taps along the
centerline of the model.
Testing

The model was then ready to be installed into the wind tunnel. The model was
fastened to the bottom of the test section and the pressure taps connected to the data
acquisition board on the wind tunnel. The model nose was located 7.5” aft of the
beginning of the test section. This located the front of the model 2.8” aft of where the
boundary layer measurements were taken earlier in this study. Foam weather stripping
was added to the sides of the model to seal the sides of the wind tunnel to the model.
This addition to the model will keep all of the air flow going over the top of the model.
Any air that flows around the sides of the model would change the streamlines of the air
over the top of the model, affecting the overall results. Figure 18 shows the model in the
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Figure 17

Location of the pressure taps on the model.
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Figure 18

The model mounted in the test section. Air flows from right to left in the
figure.
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wind tunnel and Figure 19 shows the pressure taps connected to the wind tunnel control
panel.
Once the model was secured in the test section, the tunnel was brought up to
speed for data collection. The model was run at dynamic pressures of 1.5, 2.0, 2.5, 3.0
and 3.5 inches of water, with two back to back runs being made at 2.0 inches of water.
The two runs at 2.0 inches of water were used to validate the repeatability of the runs.
These two runs were analyzed and the highest percentage difference between
corresponding points was 1.2% with the average difference being .25% between the two
runs.
After taking the data from the pressure taps, the hot film anemometer was
fastened to the top plate of the wind tunnel to measure wake data behind the model. The
hot film anemometer was positioned approximately 2.0” behind the tail of the model.
This means that the hot film anemometer was in the separation region behind the model.
Care must be taken when studying these data since the hot film anemometer only
measure the magnitude of the velocity and not the direction. The tunnel was run at a
dynamic pressure of 2.5 inches of water while wake data was taken from near the surface
of the test section to a minimum height of 3.0 inches since the maximum height of the
model was 2.4 inches. Height measurements taken with the calipers are subject to the
resolution and accuracy stated earlier in this study.
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Figure 19

The pressure taps exiting the bottom of the test section and connecting to
the control panel.

35

Testing with Splitter Plate

After the initial testing of the model on the wind tunnel floor, it was mounted to
the top of top of the splitter plate and secured in the test section of the wind tunnel. The
splitter plate extended 9” in front of the model and 4” behind the model. It raised the
model a total of 1.5” off of the floor of the test section. The wind tunnel was run from
dynamic pressures of 1.5 – 3.0 inches of water while data was taken from the pressure
taps. The hot film anemometer was then positioned behind the model and wake data was
taken from near the surface of the splitter plate to a minimum height of 3 inches above
the splitter plate. The hot film anemometer was placed in the same position behind the
model as it was earlier. Figure 20 shows the model mounted on top of the splitter plate
and the hot film anemometer probe holder positioned behind the model. The hot film
probe was removed in the photograph.
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Figure 20

The model mounted on the splitter plate with the hot film anemometer
probe holder mounted behind the model to take wake measurements
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CHAPTER 6 – RESULTS

This chapter presents the results obtained from this study. The first section
discusses the different boundary layer thicknesses found from the experimental data
measured with the hot film anemometer.

The latter section compares the pressure

distribution and wake data found from running the model in the wind tunnel with and
without the splitter plate.
Boundary Layer Analysis

In this section, the results are divided into four primary parts: (1) Experimental
Results, (2) Splitter Plate Results, (3) Inlet Contour Modification Results and (4)
Boundary Layer Analysis Discussion. In each part, the individual results are presented
before being compared in the final section.

Experimental Results

The hot film anemometer was used to measure the boundary layer height in the
test section of the wind tunnel at a point upstream of where the nose of the model would
be located. The tunnel was run at dynamic pressures of 2.0, 2.5 and 3.0 inches of water
for the boundary layer to be measured. The results for the run at 2.5 inches of water can
be seen in Figure 21. Error bars of 0.01” were added to the boundary layer height values
to represent the accuracy to which the values were measured using the calipers. Since the
presence of the error bars adds clutter to the plot, they will not be included in subsequent
38

0.6
0.99Umax

Height, y (inches)

0.5

0.4

0.3

0.2

0.1

0
0.7

0.75

0.8

0.85

0.9

0.95

1

Relative Velocity (u/Umax)

Figure 21

Boundary layer velocity distribution in the test section of the wind tunnel
at a dynamic pressure of 2.5 inches of water.
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figures that include boundary layer measurements. The boundary layer height for this run
at 2.5 inches of water was found to be approximately 0.35 inches.

Splitter Plate Results

The splitter plate was mounted in the test section of the wind tunnel and the hot
film anemometer was used to measure the boundary layer created on the top surface for
the splitter plate at a point upstream of where the nose of the model would be located.
The tunnel was run at a dynamic pressure of 2.5 inches of water for the boundary layer to
be measured. Using a characteristic length of 6.2 inches, the length from the leading
edge of the splitter to the position of the hot film, the Reynolds number for this test was
approximately 3.4 x 105. The results for this run at 2.5 inches of water can be seen in
Figure 22. The boundary layer height for this run at 2.5 inches of water was found to be
approximately 0.095 inches high.
Inlet Contour Modification Results

The flow straightener and the screens in the front of the wind tunnel inlet were
removed to measure the boundary layer in the test section of the wind tunnel. The first
run was made with just the flow straightener and screens removed as seen in Figure 12.
The tunnel was run at a dynamic pressure of 2.5 inches of water and the boundary layer
was measured at a point approximately 5” after of the start of the test section, which was
the same location as the previous tests. The data for this run can be seen in Figure 23.
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Figure 22

Boundary layer velocity distribution on the surface of the splitter plate at a
dynamic pressure of 2.5 inches of water.
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Figure 23

Boundary layer velocity distribution with the removal of the flow
straightener and screens at the beginning of the inlet to the wind
tunnel. The tunnel was running at a dynamic pressure of 2.5
inches of water.

42

The boundary layer height was found to be approximately 0.21 inches.
The front of the inlet to the wind tunnel was then modified to eliminate the step
where the flow straightener and screens mount as seen in Figure 13. This was done by
mounting the flash aluminum to the step, to create a smooth transition from the beginning
of the inlet to the beginning of the test section. After this modification, the tunnel was
run at a dynamic pressure of 2.5 inches of water and the boundary layer in the test section
was measured. The data from this test can be seen in Figure 24. The boundary layer
from this test was measured to be approximately 0.15 inches.
Boundary Layer Analysis Discussion

The following discussion provides the boundary layer thicknesses found from
each test. At the end of the discussion, there is a series of tables that present all of the
boundary layer thicknesses together for ease of comparison.
The first measurement of the boundary layer on the floor of the test section with
the hot film anemometer produced a boundary layer thickness of approximately 0.35
inches.

The shape of the boundary layer from first hot film test also resembles a

turbulent boundary layer more than that of a laminar boundary layer. Figure 25 shows
the experimental data plotted along with theoretical turbulent and laminar boundary layer
profiles of approximately the same thickness.
The boundary layer was then measured on top of the splitter plate at a dynamic
pressure of 2.5 inches of water. This boundary layer height for these data was found to
be approximately 0.095 inches tall. Figure 26 shows the experimental data plotted along
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Figure 24

Boundary layer velocity distribution in test section with fairing installed at
the beginning of the inlet to the wind tunnel at a dynamic pressure of 2.5
inches of water.
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Figure 25

Boundary layer measured in the test section along with theoretical
turbulent and laminar boundary layer profiles. This data was found at a
dynamic pressure of 2.5 inches of water.

45

0.25
Measured Boundary Layer
Theoretical Laminar Boundary Layer

Height, y (inches)

0.2

Theoretical Turbulent Boundary Layer

0.15

0.1

0.05

0
0.75

0.8

0.85

0.9

0.95

1

Relative Velocity (u/Umax)

Figure 26

Boundary layer measured on the surface of the splitter plate at a dynamic
pressure of 2.5 inches of water with theoretical laminar and turbulent
boundary layer profiles.
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with theoretical laminar and turbulent boundary layer profiles for the same wind tunnel
conditions. The theoretical boundary layers were found by using a flat plate the same
length as from the leading edge of the splitter plate to where the measurements were
being taken with the hot film probe. The difference in the height of the measured
boundary layer compared to the theoretical boundary can be attributed to the front of the
splitter plate not being perfectly smooth. Since the plate is not infinitely thin, there is an
edge on the front of the plate that can cause flow disturbance and streamlines to form
around the edge that would affect the boundary layer downstream of the leading edge.
Additionally, the surface of the plate was not perfectly smooth, which can also lead to
flow disturbances.
The boundary layer thickness in the test section found with the removal of the
inlet screens was 0.21”. This presented a 40% reduction in the boundary layer height
when compared to the original boundary layer measured at 0.35”. When the inlet was
fared and the screens removed a boundary layer height of 0.15” was measured. This
boundary layer was a 57% reduction of the height of the original boundary layer
measured at 0.35”. A comparison of the two boundary layers measured from the removal
of the screens presented a 31% reduction in the height of the boundary layer by
smoothing the inlet contour of the wind tunnel on the bottom surface. Figure 27 shows a
comparison of the original boundary layer measured in the wind tunnel compared to the
two boundaries layers found by the inlet contour modification. Lines were added to
Figure 27 to aid in identifying the difference between each measured boundary layer.
This reduction in boundary layer height compared to the original boundary layer can be
attributed to the lack of disturbance near the surface of the inlet to the wind tunnel. The
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Figure 27

A comparison of the original measured boundary layer in the test section
with the two inlet contour modification boundary layers. Each set of
measurements were taken at a dynamic pressure of 2.5 inches of water.
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edge on the screens can lead to flow disruption behind the screen, leading to a thicker
boundary layer. The reduction in height by adding the fairing to the inlet of the wind
tunnel can be explained by the lack of flow disruption formed across the step where the
inlet screens mount to the wind tunnel.
The following tables present the boundary layer thicknesses discussed previously
in this study. Table 1 below includes the boundary layers measured from the wind tunnel
test section with the standard configuration, screens removed, and the screens removed
with the fairing installed. The latter two thicknesses are then compared to the boundary
layer measured with the wind tunnel in standard configuration. Table 2 presents the
boundary layer thickness found in the wind tunnel in the standard configuration and the
boundary layer thickness found on the splitter plate. Table 3 presents the boundary layer
thickness found on the splitter plate and its percentage difference from the theoretical
boundary layer thicknesses from a flat plate under the same wind tunnel conditions.
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Table 1

Boundary layer thicknesses from standard configuration, screens removed
and fairing installed measured at a dynamic pressure of 2.5 inches of
water. They latter two are compared to the standard configuration.
Configuration
Standard
Screens Removed
Fairing Installed

Table 2

% Reduction from Standard
n/a
40%
57%

Boundary layer thicknesses from the standard wind tunnel configuration
and from the splitter plate at a dynamic pressure of 2.5 inches of water.
The boundary layer from the splitter plate is then compared to the standard
configuration measured previously.
Configuration
Standard
Splitter Plate

Table 3

Height (inches)
0.35
0.21
0.15

Height (inches)
0.35
0.095

% Reduction from Standard
n/a
73%

Boundary layer thickness from the splitter plate at a dynamic pressure of
2.5 inches of water compared to the theoretical turbulent and laminar
boundary layer thicknesses of a flat plate at the same conditions.

Configuration
Splitter Plate

Height (inches)
0.095

% Difference from Theoretical
(difference in height)
Laminar (0.064 in) Turbulent (0.242 in)
48% (0.031 in)
-61% (-0.147 in)
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Wind Tunnel Model

In this section, the results are divided into three main sections: (1) Tunnel Floor
Mount Results, (2) Splitter Results and (3) Model Results Discussion. In the first two
sections, the pressure distribution and wake results are presented for the model on the
floor of the test section and on top of the splitter plate. The final section compares the
results from the previous two sections.

Tunnel Floor Mount Results

For the first tests, the model was secured to the test section floor of the wind
tunnel. The tunnel was run at several dynamic pressures, ranging from 1.5 to 3.5 inches
of water (Re = 3.8x105 to 5.8x105) while data was taken from the pressure taps along the
centerline of the mode. Figure 28 shows the raw pressure data taken from these runs.
Figure 29 shows the coefficient of pressure plotted against the distance along the model.
Looking at the coefficient of pressure data, it can be seen that the data approaches a Cp of
1 at the nose of the model. A coefficient of pressure of 1 is representative of a stagnation
point on a model. Even though the data never reached a Cp of 1, it can be assumed that
the stagnation point is on the lower portion of the nose near the wind tunnel surface.
From this point the velocity increases over the front of the model and the hood. The flow
slows as it reaches the bottom of the windshield and then increases in speed rapidly as it
flow up the windshield. The velocity reaches a maximum at the highest point of the roof
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Figure 28

Static pressure distribution from the model surface at different dynamic
pressures.
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Coefficient of pressure data from the model at different dynamic
pressures.
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of the model and then begins to slow across the rear of the model. The hot film
anemometer was then mounted aft of the model to measure the wake. The data from the
wake measurement at a wind tunnel dynamic pressure of 2.5 inches of water can be seen
in Figure 30. The Reynolds number for the model runs at a dynamic pressure of 2.5
inches of water with a characteristic length of 9 inches, the length of the model, was
approximately 4.9 x 105.

Splitter Results

The model was then mounted to the top of the splitter plate and secured in the test
section of the wind tunnel. The tunnel was run at several speeds again and while data
was taken from the pressure taps.

The results were analyzed and converted to

coefficients of pressure for plotting. This data can be seen in Figure 31. Once again, the
coefficient of pressure approaches a value of 1 near on the nose of the model. This would
indicate a stagnation point on the nose of the model near the surface of the splitter plate.
The hot film anemometer was then installed and wake measurements were taken at a
wind tunnel speed of 2.5 inches of water. The data for this wake measurement can be
seen in Figure 32.

These tests were conducted at the same Reynold’s number of

approximately 4.9 x 105 as used before.
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Figure 30

Wake measurements from 2” downstream of the model at a dynamic
pressure of 2.5 inches of water. Re = 4.9x105
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Figure 31

Coefficient of pressure data from the surface of the model on top of the
splitter plate at different dynamic pressures.
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Figure 32

Wake data from 2” downstream of the model on top of the splitter plate at
a dynamic pressure of 2.5 inches of water. Re = 4.9x105
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Model Results Discussion

Before a comparison of any data was made from the model runs, the tunnel
blockage between the two different configurations was analyzed. The initial design of
the model provided only a 20% blockage of the test section. However, after the model
was mounted on top of the splitter plate, the model produced a higher blockage of the
remaining test section at 32%. The free stream velocities from the wake data were
compared to the wind tunnel pressure readings to find any increase in velocity across the
model created by the higher tunnel blockage value. This investigation produced a 3.6%
increase in velocity due to the increased tunnel blockage. This must be taken into
consideration when analyzing the following data.
A comparison between the pressure distributions with the model mounted on the
floor of the test section and atop of the splitter showed an increase in the negativity of the
coefficient of pressure when the model was placed on top of the splitter plate. Figure 33
shows corresponding runs from both configurations of the model with a wind tunnel
speed of 2.5 inches of water. The maximum increase in the coefficient of pressure was
found at the highest point of the roofline of the model and presented a 40% increase in
the negativity of the coefficient of pressure. This provides a maximum increase of 18%
in the velocity seen across the top of the model. Part of this increase can be attributed to
the increase in tunnel velocity due to the blockage of the wind tunnel. However, this
does not account for the entire 18% increase in velocity.
Figure 34 shows the wake data from the two different configurations, both runs at
a dynamic pressure of 2.5 inches of water. Lines connecting the data points in the wake
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data were added to help distinguish between the two different runs. A comparison of the
two sets of data shows a decrease in the height at which the wake begins to return to the
free stream velocity. The maximum increase in velocity between the two runs was at a
height of 1.4 inches, with an increase of 56% increase in velocity with the use of the
splitter plate. A small portion of this velocity increase can be attributed to the increased
tunnel velocity from the increased tunnel blockage. The rest of the increase in velocity
can be partially credited to the smaller boundary layer thickness experienced by the
model when on top of the splitter plate.
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Figure 33

Comparison of coefficients of pressure for model on the test section floor
and on the splitter plate at a dynamic pressure of 2.5 inches of water. Re =
4.9x105
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Figure 34

Wake data from 2” downstream of the model on the tunnel floor and on
the splitter plate running at a dynamic pressure of 2.5 inches of water.
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CHAPTER 7 – CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The following conclusions are based upon the findings presented in this thesis.

1. The boundary layer created in the test section of the wind tunnel was most closely
approximated in profile using a theoretical turbulent boundary layer profile of the
same thickness.
2. The removal of the flow straightener and screens from the wind tunnel inlet and
the addition of the fairing proved successful at reducing the thickness of the
boundary layer on the test section wall.
3. The splitter plate used in this study was successful at reducing the thickness of the
boundary layer seen by the model in the test section of the wind tunnel. However,
the splitter plate did increase the velocity in the test section due to a higher tunnel
blockage.
4. The construction technique of the scaled automotive wind tunnel model used in
this study proved to be an effective and cost efficient method to produce the
required model.

62

Recommendations

The following studies are recommended in order to validate the findings in this
thesis and to further the progression boundary layer modeling in wind tunnels and its
affects on automotive models.

1. A 3-dimensional computational fluid dynamics (CFD) code should be used to
model the boundary layer created in the inlet to the wind tunnel. CFD should also
be used to simulate a 3-D test model in the conditions measured in the wind
tunnel.
2. A thinner splitter plate with a smooth surface should be used for reducing the
height of the boundary layer experienced by the test model. This would reduce
the height of the boundary layer created by the presence of the splitter plate.
3. An automotive wind tunnel with suction before the test section should be used in
order to study the test model with the smallest possible interference from the
boundary layer.
4. A more refined test model should be constructed with a higher number of pressure
tap locations to better resolve the changes in flow across the model. Pressure taps
should also be located across the span of the model to study fluctuations in the
flow profile of the test section.
5. A further study needs to be conducted on the affect of the flow straightener and
screens at the inlet to the tunnel on the boundary layer and their subsequent affect
on the turbulence in test section. An alternative inlet contour may be derived
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from this work that would provide a laminar boundary layer in the test section as
opposed to a turbulent boundary layer.
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MATLAB CODE FOR OPTIMIZATION OF SAMPLE SIZE
%Optimization of sampling rate and count for wind tunnel
clear all;
home;
%Extract raw pressure data
raw = xlsread('C:\Documents and Settings\Owner\Desktop\Grad School\Thesis\optimization_data');
zero_start = raw(:,1);
data_2_5_1 = raw(:,2);
data_2_5_2 = raw(:,3);
data_3_5 = raw(:,4);
data_7_5 = raw(:,5);
data_1_5 = raw(:,6);
zero_end = raw(:,7);
count = 1:length(zero_start);
%find averages for zeroes
zero_avg_start = mean(zero_start);
zero_avg_end = mean(zero_end);
zero_avg_3 = (zero_avg_start + zero_avg_end)/2;
zero_avg_2 = (zero_avg_start + zero_avg_3)/2;
zero_avg_4 = (zero_avg_end + zero_avg_2)/2;
%convert each run to inches of H20
p_zero_start = zero_start.*10.055;
p_2_5_1 = (data_2_5_1 - zero_avg_start).*10.055;
p_2_5_2 = (data_2_5_2 - zero_avg_2).*10.055;
p_3_5 = (data_3_5 - zero_avg_3).*10.055;
p_7_5 = (data_7_5 - zero_avg_4).*10.055;
p_1_5 = (data_1_5 - zero_avg_end).*10.55;
p_zero_end = zero_end.*10.055;
%set up loop to calc averages
for i = 1:length(count);
p_zero_start_avg(i,1) = mean(p_zero_start(1:i));
p_2_5_1_avg(i,1) = mean(p_2_5_1(1:i));
p_2_5_2_avg(i,1) = mean(p_2_5_2(1:i));
p_3_5_avg(i,1) = mean(p_3_5(1:i));
p_7_5_avg(i,1) = mean(p_7_5(1:i));
p_1_5_avg(i,1) = mean(p_1_5(1:i));
p_zero_end_avg(i,1) = mean(p_zero_end(1:i));
end
%write data to excel spreadsheet for plotting
success = xlswrite('C:\Documents and Settings\Owner\Desktop\Grad
School\Thesis\Optimization_Plots.xls',p_zero_start_avg,'B1:B15000');
success = xlswrite('C:\Documents and Settings\Owner\Desktop\Grad
School\Thesis\Optimization_Plots.xls',p_2_5_1_avg,'D1:D15000');
success = xlswrite('C:\Documents and Settings\Owner\Desktop\Grad
School\Thesis\Optimization_Plots.xls',p_2_5_2_avg,'E1:E15000');
success = xlswrite('C:\Documents and Settings\Owner\Desktop\Grad
School\Thesis\Optimization_Plots.xls',p_3_5_avg,'F1:F15000');
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success = xlswrite('C:\Documents and Settings\Owner\Desktop\Grad
School\Thesis\Optimization_Plots.xls',p_7_5_avg,'G1:G15000');
success = xlswrite('C:\Documents and Settings\Owner\Desktop\Grad
School\Thesis\Optimization_Plots.xls',p_1_5_avg,'C1:C15000');
success = xlswrite('C:\Documents and Settings\Owner\Desktop\Grad
School\Thesis\Optimization_Plots.xls',p_zero_end_avg,'H1:H15000');
%calculate % bars
u = 1.002
l = .998
p_2_5_1_u = u*p_2_5_1_avg(length(p_2_5_1));
p_2_5_1_l = l*p_2_5_1_avg(length(p_2_5_1));
p_2_5_2_u = u*p_2_5_2_avg(length(p_2_5_1));
p_2_5_2_l = l*p_2_5_2_avg(length(p_2_5_1));
p_3_5_u = u*p_3_5_avg(length(p_3_5));
p_3_5_l = l*p_3_5_avg(length(p_3_5));
p_7_5_u = u*p_7_5_avg(length(p_3_5));
p_7_5_l = l*p_7_5_avg(length(p_3_5));
p_1_5_u = u*p_1_5_avg(length(p_3_5));
p_1_5_l = l*p_1_5_avg(length(p_3_5));
%analyze plots
figure(1);
plot(count,p_zero_start_avg,'b-',count,p_zero_end_avg,'r-');
title('Averaged Zero Data vs. Counts');
xlabel('Counts');
ylabel('Pressure (in H20)');
figure(2);
subplot(2,1,1);
plot(count,p_2_5_1_avg,'b-',count,p_2_5_1_u,count,p_2_5_1_l);
title('Averaged Pressure vs. Counts at 2.5 in H20 (run 1)');
xlabel('Counts');
ylabel('Pressure (in H20)');
subplot(2,1,2);
plot(count,p_2_5_1,'.')
title('Raw Pressure Data vs. Counts at 2.5 in H20 (run 1)');
xlabel('Counts');
ylabel('Pressure (in H20)');
figure(3);
subplot(2,1,1);
plot(count,p_2_5_2_avg,'b-',count,p_2_5_2_u,count,p_2_5_2_l);
title('Averaged Pressure vs. Counts at 2.5 in H20 (run 2)');
xlabel('Counts');
ylabel('Pressure (in H20)');
subplot(2,1,2);
plot(count,p_2_5_2,'.')
title('Raw Pressure Data vs. Counts at 2.5 in H20 (run 2)');
xlabel('Counts');
ylabel('Pressure (in H20)');
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figure(4);
plot(count,p_2_5_1_avg,'b-',count,p_2_5_2_avg,'r-');
title('Consecutive Runs at 2.5 in H20 vs. Counts');
xlabel('Counts');
ylabel('Pressure (in H20)');
figure(5);
subplot(2,1,1);
plot(count,p_3_5_avg,'b-',count,p_3_5_u,count,p_3_5_l);
title('Averaged Pressure vs. Counts at 3.5 in H20');
xlabel('Counts');
ylabel('Pressure (in H20)');
subplot(2,1,2);
plot(count,p_3_5,'.')
title('Raw Pressure Data vs. Counts at 3.5 in H20');
xlabel('Counts');
ylabel('Pressure (in H20)');
figure(6);
subplot(2,1,1)
plot(count,p_7_5_avg,'b-',count,p_7_5_u,count,p_7_5_l);
title('Averaged Pressure vs. Counts at 7.5 in H20');
xlabel('Counts');
ylabel('Pressure (in H20)');
subplot(2,1,2);
plot(count,p_7_5,'b.');
title('Raw Pressure Data vs. Counts at 7.5 in H20');
xlabel('Counts');
ylabel('Pressure (in H20)');
figure(7);
subplot(2,1,1);
plot(count,p_1_5_avg,'b-',count,p_1_5_u,count,p_1_5_l);
title('Averaged Pressure vs. Counts at 1.5 in H20');
xlabel('Counts');
ylabel('Pressure (in H20)');
subplot(2,1,2);
plot(count,p_1_5,'b.');
title('Raw Pressure Data vs. Counts at 1.5 in H20');
xlabel('Counts');
ylabel('Pressure (in H20)');
figure(8);
plot(count,p_2_5_1_avg,'b-',count,p_2_5_2_avg,'r-',count,p_3_5_avg,'g-',count,p_7_5_avg,'bl-'...
,count,p_1_5_avg,'c-');
title('Pressure vs. Counts');
xlabel('Counts');
ylabel('Pressure (in H20)');
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COORDINATES OF INLET GEOMETRY FOR AEROLAB E.W.T.

Below is a set of coordinates used to capture the geometry of the inlet portion of
the Aerolab Educational Wind Tunnel. These coordinates were put into a computer code
(Matlab), and the points were interpolated into a series of equations that can be used to
find the dimensions of the inlet at any point. The following page includes an example of
this code. The origin, (0,0), is located on the line of symmetry that bisects the inlet and
starts where the forward facing “step” is located that is left when the inlet screens are
removed.

x (in)
0
5.427
7.533
9.396
11.502
13.284
15.228
17.253
19.683
21.789
23.247
24.3
25.92
27.864
29.889
31.833
36

y (in)
16.748
16.748
16.274
15.563
14.378
13.035
11.613
10.033
8.216
6.952
6.478
6.241
6.0356
5.9329
5.925
5.925
5.925
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MATLAB CODE TO CAPTURE INLET CONTOUR OF AEROLAB E.W.T.
%Wind Tunnel Profile and Boundary Layer Analysis, using Blassius
%updated: March '07
clear all;
home;
%input coordinates from drawing
x = [5.427 7.533 9.396 11.502 13.284 15.228 17.253 19.683 21.789 ...
23.247 24.3 25.92 27.864 29.889 31.833 36];
y = [16.748 16.274 15.563 14.378 13.035 11.613 10.033 8.216 6.952 ...
6.478 6.241 6.0356 5.9329 5.925 5.925 5.925];
%interpolate data and create wind tunnel profile
dx = .1; %distance step along tunnel wall (in)
i = 1;
for x_int = 0:dx:36;
if x_int <= 5.5;
y_int(i) = 16.75;
i = i+1;
elseif x_int <= 29.5;
y_int(i) = interp1(x,y,x_int,'spline');
i = i+1;
else
y_int(i) = 5.925;
i = i+1;
end
end
%plot profile to check shape
figure(1);
x_int = 0:dx:36;
plot(x_int,y_int,'b-',x_int,-y_int,'b-',x_int,0,'b--');
%title('Wind Tunnel Side Profile');
xlabel('Distance (in)');
ylabel('Distance from Center (in)');
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